Dynamic network approach for the modelling of genomic sub-complexes in multi-segmented viruses by Twarock, Reidun et al.
This is a repository copy of Dynamic network approach for the modelling of genomic 
sub-complexes in multi-segmented viruses.
White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/140079/
Version: Published Version
Article:
Twarock, Reidun orcid.org/0000-0002-1824-2003, Bingham, Richard John, Leonov, 
German orcid.org/0000-0002-6763-5903 et al. (3 more authors) (2018) Dynamic network 
approach for the modelling of genomic sub-complexes in multi-segmented viruses. Nucleic
Acids Research. ISSN 0305-1048 
https://doi.org/10.1093/nar/gky881
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/
Reuse 
This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence 
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the 
authors for the original work. More information and the full terms of the licence here: 
https://creativecommons.org/licenses/ 
Takedown 
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 
Published online 9 October 2018 Nucleic Acids Research, 2018, Vol. 46, No. 22 12087–12098
doi: 10.1093/nar/gky881
Dynamic network approach for the modelling of
genomic sub-complexes in multi-segmented viruses
Kinda AlShaikhahmed1,†, German Leonov2,†, Po-Yu Sung1, Richard J. Bingham2,
Reidun Twarock2,* and Polly Roy1,*
1Faculty of Infectious and Tropical Diseases, London School of Hygiene and Tropical Medicine, Keppel Street,
London WC1E 7HT, UK and 2Departments of Mathematics and Biology & York Cross-disciplinary Centre for Systems
Analysis, University of York, York YO10 5GE, UK
Received June 20, 2018; Revised September 14, 2018; Editorial Decision September 17, 2018; Accepted October 03, 2018
ABSTRACT
Viruses with segmented genomes, including
pathogens such as influenza virus, Rotavirus and
Bluetongue virus (BTV), face the collective challenge
of packaging their genetic material in terms of the
correct number and types of segments. Here we de-
velop a novel network approach to predict RNA–RNA
interactions between different genomic segments.
Experimental data on RNA complex formation in the
multi-segmented BTV genome are used to establish
proof-of-concept of this technique. In particular,
we show that trans interactions between segments
occur at multiple specific sites, termed segment
assortment signals (SASs) that are dispersed across
each segment. In order to validate the putative trans
acting networks, we used various biochemical and
molecular techniques which confirmed predictions
of the RNA network approach. A combination of
mutagenesis and reverse genetics systems revealed
that the RNA–RNA interacting sites identified are
indeed responsible for segment assortment and
complex formation, which are essential criteria for
genome packaging. This paves the way for their
exploitation as novel types of drug target, either
to inhibit assembly, or for designing defective
interfering particles containing an incomplete set of
genomic segments.
INTRODUCTION
Viruses are often deined as organisms comprising genetic
code protected by a protein container. Whilst this simplii-
cation is an adequate description in principle, understand-
ing the details of how viral genomes are packaged into their
protective coats, or capsids, represents one of the foremost
challenges in virology. This is especially so for viruses with
multipartite genomes, as a copy of each segment must be
incorporated for the virus to be viable. The mechanism by
which this is achieved in competition with the panoply of
other nucleic acids present in the infected cell has proved
challenging, despite its critical importance to virus repli-
cation and survival. Insect-borne Orbiviruses (14 related
serogroups; 140 members), a genus in the familyReoviridae,
have multi-segmented genome. These viruses are transmit-
ted by arthropods (e.g. mosquitoes, gnats and ticks) caus-
ing disease in animals and plants, often with a high eco-
nomic impact on agriculture and animal health. Although
Bluetongue virus (BTV, 27 serotypes) and the related epi-
zootic haemorrhagic disease virus (EHDV) of deer, African
horse sickness virus (AHSV) are all transmitted by bit-
ing midges (gnats, Culicoides sp.), BTV is the most com-
mon throughout the world including Europe andUK (1–3).
Consequently, BTVhas been the subject of extensive studies
as a model system (4,5).
BTV is structurally highly complex with a genome of
10 double-stranded RNA segments enclosed by a multi-
layered protein capsid. It shares a virus family relation-
ship with several other veterinary and medically important
viruses (e.g. Rotaviruses). The BTV RNA segments vary
in sizes (3.95–0.8 kb) and sequence, but each shares com-
mon short 5′ and 3′ untranslated regions (UTRs) of vari-
able length, including highly conserved hexanucleotides at
both ends (6). Recent data suggested that RNA segments
are likely to be responsible for formation of an RNA com-
plex via intersegment interactions prior to packaging (7–
12).
In order to elucidate the mechanism of RNA segment
assortment, we developed the irst dynamic network ap-
proach for the modelling of segment association in multi-
segmented viruses. Our analysis focuses on all stages of
RNA segment assembly, reassessing interaction probabili-
ties at each stage of complex formation, up to a complex
formed from the ive shortest segments of BTV, i.e. S10 to
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S6, which were computationally feasible. Integrating this
technique iteratively with previously established experimen-
tal methods, we identify a set of sequences that are vital for
the formation of this intermediate complex and thus virus
infectivity. In particular, network analysis predicts the likely
trans interactions between segments, given the probabilities
of cis interactions for each individual one. Predicted inter-
action sites were validated by mutagenesis, electrophoresis
mobility shift assays (EMSAs) and virus recovery using re-
verse genetics. Our data describe the essential drivers of seg-
ment assortment in BTV as multiple sites dispersed along
the full length of the segments but not localized in a single
site of each segments as described previously (11). Our inte-
grated interdisciplinary approach provides unique methods
and insights into the formation of RNA complexes that can
also be applied to other segmented RNA viruses.
MATERIALS AND METHODS
Identiication of trans interactions
The list of all possible candidates for trans interactions
of genomic fragments in different segments with average
(cis) base pairing probabilities of <75% was compiled us-
ing RNAplex (13). RNAplex enables identiication of pos-
sible hybridization sites between RNAs, in particular short,
highly stable interactions, via a dynamic programming algo-
rithm. The algorithm focuses on loop types that are stacked
pairs, bulge loops or interior loops, with free energy con-
tributions from stacked pairs and small interior loops de-
termined via Turner energy parameters. For bulge loops of
length 1 the stacking energy of the two pairs closing the
loop is taken into account together with a sequence in-
dependent penalty, whilst larger bulge-loops are assigned
a length-dependent penalty. A detailed description of the
algorithm can be found in (13), together with a demon-
stration that it performs eficiently and reliably on exper-
imentally determined miRNA–mRNA contacts. The code
is publicly available via http://www.bioinf.uni-leipzig.de/
Software/RNAplex/. Interactions were ranked by free en-
ergy of formation, and mutually exclusive options pruned,
giving preference to those with lower energy and larger con-
tiguous stretches of base-pairings, and thus higher probabil-
ity of formation. Any such interactions with free energy of
formation of –15 kcal/mol or lower are retained for network
analysis.
Network analysis using Gephi
Generation of input iles forGephi (14) was automatized for
the table of trans interactions. A node was associated with
the centre of every trans interaction, as well as cis interac-
tions if their binding partners are located on either side of
a trans interaction along the linear genomic sequence. Net-
works were displayed using force atlas 2, using the prevent
overlap and approximate repulsion functions and an edge
weight inluence of 0.5.
Plasmids, mutagenesis and RNA transcripts synthesis
T7 transcripts were generated from exact cDNA copies of
theBTV-1 genome usingmethods described previously (15).
All mutations of S6 and S10 were generated by site-directed
mutagenesis and joined using the Gibson assembly kit. Se-
quences of mutations and primers are listed in Supplemen-
tary Figure S5.
In vitro transcription and electrophoretic mobility shift assay
(EMSA)
As described previously (9), T7 DNA constructs of S6-S10
weremixed in equalmolar quantities andRNAswere simul-
taneously co-transcripted. TheRNA samples were analysed
with agarose gel.
Reverse genetics
Following methods described previously (9), S6 or
S10 containing mutations in #20 regions that do
not change amino acids (S6 #20 [nt985–1005]: 5′-
ATCGGTAGCCCAGGTAGCGTG-3′; S10#20 [nt21–41]:
5′-TGTTGAGTGGCTTAATACAGA-3′), together with
other nine BTV genome segments were used to transfect
BSR cells. CPE was monitored after 3 days.
qRT-PCR
Followingmethods described previously (8), retarded bands
were excised and RNA extracted; RT and qPCR were then
performed using speciic BTV S6–S10 primers.
RESULTS
Prediction of interaction sites during BTV genomic RNA
complex formation
The 10 individual RNA segments of BTV are recruited and
packaged in sequential order, mediated by speciic multi-
site RNA interactions (8,9). As in vitro cell-free assem-
bly (CFA) assays and beads binding RNA–RNA interac-
tion assays suggest that smaller segments are more critical
for BTV genome assembly (8,9,16), we focus here on as-
sembly of the subcomplex formed by the ive smallest seg-
ments S10 to S6. In order to determine putative interac-
tions between these segments, we start by identifying the
most likely self-interactions for each individual segment.
Based on an ensemble of 1000 sample folds obtained via
S-fold (17), we identify all nucleotides that are base-paired
in at least 75% of the samples, as these are more likely to
be involved in cis than in trans interactions. This thresh-
old was chosen as it is consistent with a previously re-
ported trans-RNA-interaction region on S10, namely the
S10.2 antisense oligonucleotides (ORN) targeting region (nt
699–737), which is critical for virus replication and RNA
complex formation (9). For the complementary regions, i.e.
those with less than 75% base-pairing probability, all possi-
ble trans interactions with a low mean free energy (MFE)
of formation (<–15 kcal/mol) and with mostly contigu-
ous base-pairingwere identiied viaRNAplex (seeMaterials
andMethods). Due to the dynamic nature of the interaction
network, both steps need to be recomputed iteratively in the
growing complex, because interaction probabilities recali-
brate across the entire segment once a new interaction has
been formed. To identify putative interaction sites between
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Figure 1. The predicted network of trans interactions. (A) Cartoon illustrating the changing distributions of trans interactions during transition from Stage
1 to Stage 3. (B) The interaction networks at Stages 2 and 3 are illustrated in Gephi; individual segments are colour-coded as in (A), and nodes represent
positions of cis or trans interactions.
different segments in the complex with incoming segments
(or groups of segments), sites of existing trans interactions
in the complex need to be factored into the sampling of the
conformations of RNA segments that already form part of
the complex. For this, the predicted trans interaction sites
are used as constraints on the folds of the interacting seg-
ments, i.e. interaction probabilities are sampled based on
the understanding that a site already engaged in an inter-
action is no longer available to interact. This recalibrates
all interaction probabilities, and in some cases makes inter-
actions highly favourable that previously only have had a
low probability, thus imposing a sequential order on inter-
actions at different stages of complex formation. This dy-
namic and iterative sampling of the secondary structures
of the segments in the growing complex is thus an essen-
tial step, and indeed is increasingly important with com-
plex size. It was applied here to identify trans interactions
at three stages of complex formation: Formation of the ini-
tial S7+S8+S9 complex (Stage 1), association of the latter
with S10 (Stage 2), followed by association with S6 (Stage
3). The numbers of interactions and the geometries of the
Stage 2 and 3 complexes rendered withGephi (seeMaterials
and Methods) are shown in Figure 1; details of the interac-
tions at all stages, including all 24 interaction sites and their
sequences in the S6–S10 complex, are summarized in the
Supplementary Material (Supplementary Tables S1 and S2
and Supplementary Figures S1–S3).
Among others, Figure 1A reveals transient contacts that
could potentially play a role at earlier stages of complex
formation, and that are superseded by alternative contacts
once the complex grows.
It also demonstrates the importance of the S6–S10 con-
tacts at Stage 3. Both their number (Figure 1A) and their
positions in the complex (boxes in Figure 1B) suggest that
they should be vital for complex formation, especially since
many of these interactions have a low energy threshold and
high probability of interaction.
A characteristic signature pattern of RNA complexes assem-
bled by S6–S10
To validate the mathematical model of RNA complexes be-
tween S6–S10, we used an established in vitro RNA–RNA
interaction assay (9,12). Each RNA transcript was synthe-
sized individually fromT7 plasmids, puriied and themolec-
ular size of each was conirmed by denaturing agarose gel
electrophoresis (Figure 2A, panel i). Subsequently, equimo-
lar amounts of S6–S10 were co-transcribed and the prod-
ucts were analysed by a native agarose gel electrophoresis
mobility shift assay (EMSA) as described previously (9).
In addition to the ive RNA segments, four retarded RNA
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Figure 2. RNA–RNA interactions and complex formation between BTV segments. (A) EMSA and qRT-PCR analysis: (i) Single T7 transcription of BTV
S6-S10 from cDNA. (ii) Native agarose gel shows the individual segments (lanes 1–5) or co-transcription of S6-S10 (lane 6). Retarded RNA complexes
(bands A-D) and free RNAs are indicated. (iii) The quantities of S6–S10 in each retarded band were measured by qRT-PCR. The log (10) quantities are
shown in bars, indicating standard deviations from multiple experiments. (B) Analysis by Sucrose gradient: i Co-transcribed complexes were subjected to
a sucrose gradient ultracentrifugation, fractionated, RNA bands identiied by EMSA. (ii) S6–S10 from fraction #4 are identiied by denaturing gel. (iii)
1% gel electrophoresis of PCR products of fraction #4 bands extracted from denaturing gel.
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 A
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Figure 3. Complex formation of the mutant S6 with wt S7–S10 segments. (A) Co-transcribed complexes in denaturing gel show all ive transcripts in the
correct sizes. (B) Native gels of the complexes S7–S10 + S6 (#20) (lane 7), S7–S10 + S6 (#24) (lane 8), S7–S10 + S6 (#20 + #23) (lane 9) and S7–S10 + S6
(#20–#24) (lane 10). RNA complexes are indicated as A–D bands and a star indicates loss of a retarded band. Individual transcripts and co-transcription
of wt S6–S10 complexes are used as controls.
bands (designated as A, B, C, D) with slower migration pat-
terns than any individual segment were visualized, indicat-
ing that larger RNA complexes were formed (Figure 2A,
panel ii). The discrete nature of these four bands was con-
sistently observed in multiple experiments, conirming that
these bands are the characteristic signature bands of S6-S10
complexes. There were also several lower bands (indicated
as Free RNAs), which consisted of mainly S7–S9, but very
little, if any, the other two segments, S6 and S10 (data not
shown). Further, a lower mobility band corresponding to
S6 dimerization was also visualized in the S6 lane (lane 1).
These data suggested further that RNA complexes are in-
deed formed sequentially.
To determine the composition of RNA complexes vi-
sualised as multiple bands in EMSA, qRT-PCR was per-
formed using speciic primers to quantify the presence of
each RNA segment in each of the four bands (Figure 2A,
panel ii, bands A–D). Surprisingly, all ive segments were
detected in each band, albeit in different quantities (Figure
2A, panel iii). Only bandC, the second slowestmoving band
in the agarose gel, had each segment (S6–S10) in approxi-
mately equivalent quantities. In the other three bands, S7
was signiicantly less; in band A, S7 is ∼1000-fold less than
the other segments, while S6 and S9 were comparatively
evenly distributed; all bands contained reasonably high level
of S10, except band B, which contained >10 folds higher
than the other bands.
This is consistent with the predicted interactions (Figure
1A). In particular, S7 and S10 are predicted to make the
smallest number of contacts (5 and 6 respectively, as op-
posed to 12 for S6, 9 for S8, 10 for S9) at Stage 3. More-
over, S7 undergoes the strongest changes in its interactions
with other segments, with an interaction between S7 and
S9 lost during the transition from Stage 1 to Stage 2, i.e.,
upon recruitment of S10 to the complex, and S9 now inter-
acting with S8 instead of S7 at that same binding site.More-
over, at Stage 2, S10 forms a transient contact with S7 that
is lost again at Stage 3. Indeed, S6 forms new contacts with
all segments but S7, with S7 now being the least connected
segment in the complex.
To conirm further that all ive RNA segments assemble
as one complex, the co-transcription reaction mixture was
subjected to a 15–65% sucrose gradient ultracentrifugation,
followed by fractionation and EMSA analysis (Figure 2B,
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Figure 4. The predicted changes in interactions after multiple mutagenesis of S6 sites. Interactions for (A) S7–S10 + S6 (#20–#24) and (B) S7–S10 + S6
(#20 + #23).
panel i). When the visible bands of fractions #2-#4 were
analysed by denaturing gel electrophoresis, only fraction #4
showed the typical proile of RNA complexes as reported
previously (9,16) by cell-free assembly assay (Figure 2B,
panel ii). To conirm all ive segments, S6–S10 were present
in the fraction #4, each band from denaturing gel was sub-
sequently extracted and ampliied by PCR using speciic
primers. The products were analysed by gel electrophore-
sis, which conirmed the presence of all ive segments in the
complex isolated from gradient (Figure 2B, panel iii).
Conirmation of speciic RNA interaction sites of S6 respon-
sible for RNA complex formation
In order to investigate the importance of the S6–S10 com-
plex for segments assortment and virus infection, a series
of substitution mutations were introduced in S6 and their
inluences on complex formation determined. Since inter-
action between S6 and S10 are predicted to be strongest,
involving ive different sites with high interaction probabili-
ties (Figure 3S; #20-#24), we targeted all these ive sites via
mutagenesis on an individual basis and in combinations and
compare the resulting complexes with those that are char-
acteristic of segment assembly in wild-type (wt) virus. Four
mutated constructs were generated, targeting #20 (nt 985–
1005), #24 (nt 60–72), a combination of #20 and #23 (nt
1391–1404), and a combination of all ive sites #20–#24.
Each of these four mutations were substituted by scram-
bled sequences (Supplementary Figure S5), conirmed by
sequencing, and subsequently utilized to co-synthesize ss-
RNAs by in vitro T7 transcription assay. The S6 mutant at
position #20, (the predicted strongest interaction site, –27.2
kcal/mol) did not form retarded bands when co-transcribed
together with the other four segments (Figure 3B, lane 7),
indicating that the mutation at this region destroyed RNA
complex formation, consistent with the prediction. When
a predicted weaker interaction region, such as #24 (–16.2
kcal/mol) was targeted, only band D disappeared (Figure
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A
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A
D
Retarded RNA
complexes
Free RNAs
C
B
1         2          3          4           5         6       7          8
C
Figure 5. Impact of S6 and S10 mutations on virus recovery. (A) Nucleotides in S6 #20 or S10 #20 regions were changed silently, i.e. without changing the
encoded amino acids. (B) Virus recovery by the RG system is shown by plaque assay. (C) Native gel of complex formation of the silent mutations in region
#20 of S6 and S10. S7–S9 + S10 (#20) (lane 7) and S7–S10 + S6 (#20) (lane 8).
3B, lane 8). When both #20 and #23 were mutated in the
same construct, all RNA complexes were perturbed (Fig-
ure 3B, lane 9). As expected, none of the four bands could
be detected when all ive sites (#20–#24) were substituted
and products analysed (Figure 3B, lane 10). As controls, all
the reactions were tested with denaturing agarose gel, con-
irming that RNA transcription was not inluenced by these
mutations (Figure 3A).
These observations are consistent with the predicted wt
interaction network, and the potential alternative interac-
tions that can occur between S10 and other segments at the
sites of the mutated S6–S10 contacts. For example, muta-
genesis of #20 frees up S10 to form contacts with S7 at
either nts 231–243 (–15.7 kcal/mol) or at nts 479-490 (–
16.4 kcal/mol). The interaction network implies that both
are unlikely to occur, the former, due to competition with a
pre-existing contact (S7-S9), and the latter, due to the dis-
tance of the putative interaction sites in the network, con-
sistent with the absence of any complex in Figure 3B, lane
8. Multiple mutations as in the case of S7-S10 + S6 (#20 +
#23) and S7–S10 + S6 (#20–#24) in Figure 3b (lanes 6 and
10) can have dramatic impact on network structure due to
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Figure 6. Visualisation of RNA Complex formation of the mutant S10
with other S6-S9 segments. (A)Native gels of complexes S6–S9+S10 (#20–
#24) (lane 7), S6–S9 + S10 (#20) (lane 8), S6–S9 + S10 (#21) (lane 9) and
S6–S9 + S10 (#23) (lane 10). Retarded bands of complexes are indicated as
A–D and absence of complexes shown in a star. Individual transcripts and
co-transcription of wt S6–S10 complexes are used as controls. (B) Complex
formation of the mutant S9 with S6–S8 + S10 wt (lane 7).
their roles in cis interactions. We therefore recomputed the
interaction networks for these cases (Figure 4 and Supple-
mentary Tables S2 and S3). Major changes in geometry and
topology of the interaction network with respect to wt (Fig-
ure 4A, right) are consistent with the absence of any bands
in that case.
To conirm that RNA complex formation is essential for
virus replication, the predicted highest afinity SAS site on
S6 (#20) was mutated in the viral genome using a BTV
reverse genetics system. As S6 encodes NS1, an essential
viral protein, the silent mutation was designed, i.e. aim-
ing for maximum nucleotide changes without altering the
amino acid sequence. In this case, the modiied S6 (#20)
construct was created via 10 nucleotide changes (Figure 5A)
andRNA synthesized. Themodiied S6 RNA together with
the 9 wt RNA segments were then introduced into BSR
cells for virus recovery (15,18). After several attempts, virus
could not be recovered, conirming the essential role of this
region for viral replication (Figure 5B).
To determinewhether virus recovery failed due to the fail-
ure of RNA packaging, which requires RNA–RNA inter-
actions, we co-transcribed either the mutated S10 (#20) or
mutated S6 (#20) together with the four (S6–S9 or S7–S10)
wt segments. As predicted, the RNA shift mobility assay
showed disruption of RNA complex formation and disap-
pearance of certain retarded RNA bands. For mutated S10,
only bandA andCwere visible (Figure 5C, lane 7), while for
mutated S6 band D, was no longer visible (Figure 5C, lane
8), emphasising that not only these complexes are formed
sequentially, but also S10 plays a leading role for RNA com-
plex formation. The data is consistent with our previous re-
port (8).
Evidence of speciic RNA interaction sites within the S10
RNA segment
Several recent studies have revealed the essential function
of the smallest RNA segment S10 in packaging and RNA–
RNA interactions (8–11). Of the ive predicted interaction
sites, #20 of S6 appeared to be essential for formation of
BTVRNA complex and virus replication. Therefore, we in-
vestigated further the importance of #20 and other inter-
acting sites on S10. Three regions #20, #21 and #23, rep-
resenting nts21–41, nts96–108 and nts447–460 of S10, re-
spectively, were substituted with scrambled sequences (Sup-
plementary Figure S5), followed by co-transcription with
wt S6-S9 (Supplementary Figure S4), and EMSA analysis
(Figure 6A). A complete inhibition of all RNA complexes
(bands A–D) in mutations #21 (Figure 6A, lane 9) and #23
(Figure 6A, lane 10) was observed. Themutation at #20 also
destroyed the retarded bands, except for the lower band A,
which was still visible (Figure 6A, lane 8). Further, to exam-
ine the effect of mutation in all ive predicted contact points
(#20–#24) of S10 for RNA complex formation, multiple
substitutionmutations were introduced. Surprisingly, RNA
shift gel showed that only the retarded band B RNA com-
plex disappeared (Figure 6A, lane 7), while the remaining
three bands, A, C and D were still present. These data sug-
gested that RNA complexes are not only discrete but may
be forming sequentially consistent with our previous data
(8).
These in vitro mutagenesis data are also consistent with
the predicted wt interaction network. Mutagenesis of #20
on S10 enables S6 to form a new contact with S9 (nts 366–
378; –17.4kcal/mol), signiicantly changing the interaction
network and thus accounting for the occurrence of a weak
band A. In order to verify this, we also mutated this site on
S9, co-transcribed it with other four wt segments and anal-
ysed it by native gel, which revealed the loss of all bands as
expected (Figure 6B, lane7). The impact of the #20 region
in S10 on virus replication was further tested by generat-
ing amutant S10 genomic RNA, followed by virus recovery.
There were only 10 nucleotide changes in S10 (Figure 5A),
and no BTV was recovered using the mutant S10 (Figure
5B). These data conirm further that the predicted interac-
tion sites are essential for virus replication.
Mutagenesis of #21 on S10 should not enable S6 to form
any new compensatory contacts. Complex formation was
however, completely ablated suggesting that this is an es-
sential interaction, despite its relatively low interaction en-
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Figure 7. The predicted changes in interactions after mutagenesis of S10 sites. The numbers and topology of the interaction network for (A) S6–S9 + S10
(#23), and (B) S6–S9 + S10 (#20–#24) differ from those in wt virus (Figure 1).
ergy. Mutagenesis of #23 on S10 potentially enables a num-
ber of new contacts to form between S6 and S8 (nts 86–95,
–15.6 kcal/mol; and nts 893–905, –17.5 kcal/mol) and S9
(nts 808–819, –17.8 kcal/mol), thus making it impossible to
interpret experimental results based on the wt interaction
network. We therefore recomputed the interaction network
for this case, as well as for S6–S9WT+ S10 (#20–#24) (Fig-
ure 7). The dramatic changes seen in the position and link-
age of the nodes in the network are consistent with the loss
of all bands seen for themutation at #23 (Figure 6A, lane10)
whilst new contacts stabilising the network in Figure 7B are
consistent with recovery of all but band B (lane 7).
Importance of complementary sequences between S6 and S10
for complex formation
Of the ive interaction sites between S6 and S10, the site
#20 is the strongest by free energy. Mutagenesis in this re-
gion of S6 or S10 perturbed complex formation, conirm-
ing the importance of this contact. We investigated if it is
possible to recover complex formation by introducing com-
plementary mutations in S6 and S10 at this region. Both S6
and S10 were mutated at this site such that the sequences
at #20 are complementary between these two segments, but
differed from wt sequence (Supplementary Figure S5). Co-
transcription reaction was then undertaken using these mu-
tant S6 and S10 together with the wt S7–S9, followed by gel
electrophoresis analysis. In native agarose gel, the signature
complex bands, except for the band A, all other three bands
were still absent (Figure 8B, lane 7), although all RNA tran-
scripts were synthesized (shown in Figure 8A), indicating
that this site cannot be complemented.
It is noteworthy that the complementarity between S6
and S10 in the #20 region was not suficient to drive RNA
complex formation, implying that not just the contact itself
but also the sequence of speciic nucleotides involved in this
contact, are important. This is exactly what we expect from
our analysis. As we have shown above, any mutations do
not only affect the precise region mutated, but indeed the
entire segment and its probabilities of forming cis or trans
interactions anywhere on the segment. In particular, as dis-
cussed above, a trace of band A was visible after mutage-
nesis of S10, most likely due to a stabilizing effect on this
band through a new bond formed between S6 and S9 that
does not displace any other bond. Simultaneous mutation
of #20 on S6 and S10 does not result in conlicting con-
straints and bond formation, and it is therefore not surpris-
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A
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BRetarded RNA
complexes
Free RNAs
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A
D
C
B Retarded RNA
complexes
Free RNAs
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Figure 8. Effect of the complementary mutations on S6 and S10. (A) Co-transcription of segments S7–S9, together with S6 and S10 containing comple-
mentary mutations in the #20 region, is shown in a denaturing gel as ive transcripts of correct sizes. (B) Native gel of complexes S7–S9 + S6 (#20) + S10
(#20) (lane 2) in comparison with wt control in lane 1. A star indicates the loss of RNA bands. (C) Native gel of complexes S6–S9 + S10 (#24) (lane 6),
S7–S10 + S6 (#24) (lane 7) and S7–S9 + S6 (#24) + S10 (#24) (lane 9).
ing that the same signature, i.e. band A, was seen following
simultaneous mutagenesis of S6 and S10, thus providing an
explanation based on the complex interaction network for
why recovery was not possible.
Since it was not possible to compensate for the muta-
tion at the #20 interacting site, we selected a weaker inter-
action site between these two RNA segments. Mutation at
#24 on S6 could still generate three of the four signature
bands (Figure 3B, lane 8), indicating the weaker effect of
this site. Therefore, we tested if this site could be compen-
sated for by an appropriate S10 mutation at the same site
leading to formation of all four complexes in the presence
of this S10 mutation, and we generated the S10 mutation
accordingly (Supplementary Figure S5). The mutated S10
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was then co-transcribed with the other four wt segments, or
both S10 and S6 mutated segments with the S7–S9 wt seg-
ments. As shown by native gel, the RNA complexes were
perturbed when the S10 mutant was used in isolation (Fig-
ure 8C, lane 6), but in the presence of the mutant S6, all four
bands were recovered, conirming the complementarity be-
tween the two mutant segments (Figure 8C, lane 9).
DISCUSSION
A key process in successful virus infection is the sorting
of the viral genome from other nucleic acids in the virus-
infected cytosol for packaging into the assembling par-
ticle. This is particularly so for viruses with segmented
genomes such as Inluenza virus, Rotavirus and BTV. The
dificulty in understanding these interactions is confounded
by the plethora of different secondary structures that a ge-
nomic RNA may assume, especially when interacting with
other RNA molecules (8,9,19–22, BioRxiv: https://doi.org/
10.1101/236620). Here, we have introduced a bespoke net-
work approach to predict the possible RNA–RNA interac-
tions between different segments, and have provided proof-
of-principle of its predictive power using molecular assays
and virus recovery. In particular, we identiied vital trans in-
teraction sites in the formation of RNA complexes among
the ive smaller segments of BTV, i.e. S6–S10. Data from in
vitro RNA–RNA interaction assays, substantiated by iso-
lating the assembled ive segments as one single band via
a sucrose gradient ultracentrifugation as in Lourenco and
Roy (16), validate the theoretical model (see Figure 1). Fur-
ther, four different bands visualised by gel electrophoresis
all contain ive segments, despite the variable ratios of differ-
ent segments in each. It is possible that the band C, with the
equal ratio of all segments corresponds to anRNA complex
that preferentially recruits the remaining segments prior to
being assembled in the viral capsid.
Mutations of the predicted RNA–RNA interaction
sites––and indeed even minor changes to one or a small
number of the ive predicted contacts between S6 and
S10––were found to be attenuating or lethal when rescued
into live virus, consistent with their predicted role(s) in the
complex. Indeed, the major consequences of such muta-
tions are expected from the model, because these mutations
have dramatic consequences for the structure and topol-
ogy of the interaction network (as e.g. in Figure 7A) be-
cause of the complex interdependencies of different interac-
tion probabilities in the interaction network. Interestingly,
changes to an S6–S10 contact can have distinct effects on
complex formation and network topology depending on
whether the mutation is introduced on the S6 or on the
S10 site of the contact. Mutations carried out at one site
can affect other, even distant, sites in the network (as we
have demonstrated for #20, the strongest predicted inter-
action site). Mutation #24 of S6 or S10 had a lesser effect
on complex formation, because they have had a less dra-
matic impact on the topology of the interaction network.
This demonstrates that our network approach can be used
to identify sites with the strongest impact on complex for-
mation, which could be useful when identifying potential
drug targets.
As discussed above, the only band out of the four, band
C, is the correct complex for further genome packaging, and
other three bands might represent different stages in the
sequential complex formation in different conformations.
Alternatively, these complexes might represent conforma-
tions, in which alternative, transient contacts are made be-
tween the segments that are later replaced by those charac-
teristic of the inal complex. However, how this preferred
complex is selectively packaged is yet to be revealed. Re-
cent data suggest that in the absence of VP6, i.e. the RNA
binding helicase protein of BTV, the RNA complex fails to
be packaged into the assembling capsid. Further, the inter-
action of capsid proteins VP3 and VP6 is essential for ge-
nomic RNA recruitment (23,24). These data suggest a cru-
cial role for protein-RNA interaction during assembly of
the RNA complex, which is probably necessary for large,
segmented RNA viruses. In particular, the non-structural
protein NSP2 in rotavirus binds to the ssRNA segments,
triggering conformational changes in their secondary struc-
tures that are conductive to the formation of stable trans in-
teractions (25). Such effects can be included in our network
approach. For example, if the binding sites of theNSP2 pro-
teins on the RNA are known, e.g. via CLIP-Seq, then the
RNA segments corresponding to these areas can be forced
to be non-interactive with RNA, and RNA–RNA contacts
(both cis and trans) be identiied conditional to that. The
methods introduced in this paper are therefore of wider rel-
evance, and applications include those more complex viral
systems.
It had previously been demonstrated based on in vitro as-
sembly assays and protein-free RNA–RNA interaction as-
says that genomic RNA segments recognise each other (8),
but the nature of these contacts and the topology of the
complex interaction network have remained an open prob-
lem that could not be resolved with experiment alone. Here,
we have been able to predict these interactions for the irst
time and study the topology of the interaction network, thus
identifying trans interactions that are crucial for segment as-
sortment and formation of an RNA complex for packaging
into the protein container. The RNA sites involved in key
trans interactions are reminiscent of, yet distinct from, the
packaging signals discovered recently in different viral fam-
ilies (26–28). They could be important for both icosahedral
viruses, such as BTV, and non-icosahedral viruses, such as
what is shown for inluenza virus (19,21,22,29).
Taken together, the network approach introduced here
can identify a number of inter segment contacts crucial for
segment assortment and RNA complex formation, a pre-
requisite for packaging. We expect that this method, in con-
cert with experiment, will enable new avenues for anti-viral
intervention against viruses that either inhibit or misdirect
RNA segment assortment.
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Supplementary Data are available at NAR Online.
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